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Abstrad.  Significant dii]tv  IT.(  ~ I I(LI I.wn l’i(IIlcCl alId ~oj’il{’,1’J  otmrvations w e r e

fou]lclill  sola] \viIldst,r~lctLl~  cl JIt\\([ll  1 to I Al l .  ‘J IICW (ii~tl[’,l t~lll(ll(s\ve reattributed

totcrn])oralef fcctsre latecltottl[s)l~”  ()(11 but 11( I urlifjil]{’,  s( II(I: of l’iollecr- Voyager

observations was perforli~ccl.  011 t )I(S 1) ,S L I. I [Jla}lS  (If laTj’,~-  s(:)]{. fc:l! III t’s! we unified and

compalcd  obsclvations  o f  soltil ~$irlci : I I f I I ., i]]i (rj)lal]{tal)’  sI) )( k v:a\’cs, interaction

regions,  and Inagnctic  sectors l)\7 !’i\~ I ~{ raft t tl:~l t) :11’[’]t’(~ f’UJll ]:ilrt]] to  .Jupiter

at diffmellt  ])?lases of the sola I SLIIIS  [1, t, ( }( 1’: l’i]ll(wr I(I 8TICI I 1 [(io.li]ling  phase “

of cycle 20); voyager 1 and Z? (asN’JI(li II,’ ])!I lse of cycl{ ;’I); {III(I  l.~lysscs  (just after

solar maximuln

througlloutl  tl]c

solar rotatic)J]s dominated by SILIU S()::I  v:ilt  ‘ trallsitnt  I’v(\]Its.  alI( I il I t[,ular  ~xiti,crns of

magllctic sectors; and pcriocls  c~f ;: j{ ~,, }()]ill I otat i{ )IIS doIIli]lal (v] ))y i~l(eraction  regions

aud well  -dcf)llcd  magnetic sect 01s, ‘1 )1( .( t 1, i .siti[l]w oc(uI [td at IIij’,}lcl tempoI al scales,

of the orclcr of 2-4 solar rotat,iol  Is. t }Ii] t iI( I ;pcctr.{1 slow t (]1)))(] ~11 c~olution  of coronal

holes alld curl mlt sheet with tllc SU1;)I  :)(;( It is s~Ip,p,( -tfd tlI:It t II(SL variations are

associated with changes in cc)roJial  }1(]1 :. [III I ]rlig]lt IJc ) {latc,{i  f,( I 1 ]it. )’early variations

Vov:;p,er  a Tid 1 ‘i{)]]  (r ot w] vatiolm wereof  solar  wind s])ced. q’he difl’cl~:~)(’c+  l)iII ~’,c<  I .

causccl by t}lcsc variations of so]a! \v~ \ I \ I [ iyl ;: lnics ‘J’he }mt t <1 II O( sol:IJ wixlcl  streams

is lnorc stable during  the adva])m{i cI(:. [ :ILI’ :?, plIas~: of t}J{:  solal ()(1<’ (})ioncer 11). In

the five s])acecraft,’s  observatimls ttlt; ( v (] { 011  :I\Y:I  ago i,})(]l](  3 to 4 illtcrplanct<ary

s}locks per solar rotation period, 1! ’(: f( ,L] I](I ; sigJ~i(ifallt  ~)ol)uloi  i(}rl of transient shocks

in the outer hcliosphere  (1–5 AI J), ill f[:t , t) I wec[) 40 io 5[) ]WI c~’llt of tlIe total number
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Intxocluction

l’hc aim of this work is tc urli[, wi (i cuss tllc olm]vi]lio]ls  I)y three differerlt

interplanetary Inissions  from }LIr( II t(I ,[ t]): I I at (lifl(:rc!  it, l)l);ISIn of LIIC s o l a r  sumq)ot

cycle: l)ioneer, Voyager l and Lllysw+ lloI$” I)es tlI( SC)l[il \Vill{l !iyll~lllliCs  betweex~  1  tO

5 AIJ cha]lge with the solar cytlv? ‘l’~li)lt 1 : lIOI\S t)lc sIIILt~II!c of I.IIC three  Inissions

or,gallizcd with respect to pha.s(s ( )f 1,1  II :!11: “ cycl(’: Vq’ilp,(’l’ 2 :11(1  I i~i tlm ascending

phase of cycle 21, Ulysses just ;If[(I  V)(I. II; i;in!~]]l]  :?2, iIJId  ]’io]l((~ 10 a~ld 1 ] in t h e

declining p}lasc of cycle 20. ‘J’IIc fi\( S;I:(CC Ift (c,vt] cd tltc t I :tect  OIYF wit}l different.

radial speeds and their journeys 1:)s[ (:(] I)( v, I I m 16 2~\  11101

three solar suns])ot cycles as ICI )OJ t ((1 1 ) t 1 I- iV().A A SO1O7

periods of the s~)acecraft’s trajo t(ll i[:, 1,-11, ICI ),i rc{), iol)s).

The solar cycle has a gloli  (fI(Y[ ( )11 t III. hcliosl)hm  (. ‘1’11(: {l>Jli)l]]ics of the solar
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wind is dominated by corotat,  iIIg sol;) 1’! ITII : StI(’all15 a,ll(l tI:llls(’llt  (!\’crlts.  We w i l l

briefly review the evolution

(11(X3),  solar wind streams,

Cc)rona]  S tructure .

cluring  t)llc solar cycle is SulnIll:tli7Lll  III ‘ I: ‘,Ic 2. ‘1’}Ic  se(oIId COl\IIIIII describes the

cvolutiorl  of tlIc corona] holes :I:; tl(w I II ,Iil ! 1}’ }17J)w’/Lov ~c~l ( I f~’. [1 W I ] c)n t}ie  basis of

the synoptic IIlaps of white li~,llt  {(: fII dI I illg s{)l{IT  c:lclf:  X), ~IIIfl  LIIc third column

describes the evolution of t})c CUT I tI t tl WI as d[s(; ibf(] ])~’ ]l’f/Ck.$f’tllfl [1986] on the

basis of the Wilcox maps of SOI;II c~’(~{  ,) 1 :IC }lfwkiscTJ~a  et ol. [1 {1$3], IIoeksmna

and references therein). ‘1’JIc si~(. :} ~t( 1 )Ii)’ I)IJ of coro)], i] }Iolt+, illl(l tjlc sha~)c  O f

curIcnt  sheet change with t IIC so]:: I (,,,: t. I lICSC v;lriatio)h  :11111{1  tltr  {Iynanjics  of the

s o l a r  wind.  ‘J’hc large cquai, o] i:]] (.’yl~’  IL, ~~11 of t}I{ ]JOlaT 11(~1(1:, ;III i III( sinusoidal shape

of the cnrre~lt  sheet during tht d[+;LtIlrl  IJL1, \ Ilasc of tllc c~,’(lc (ri’al )1(! Y) are produced by

a ‘tilt’ F,cometry,  where the SOI:II  I o’: I i IIi:I ;ixis  [I II(I tl(: :.olal ]Jl:i{’,li(tic  axis (simplified

~as a di])olc)  form a tilt ang]c t I){it (’1(( : ( ,1 s!. as tlIt; cycl I il~)~lloL(}lf ’S llliIli]nuln (see, e.g.,

lllLTbdhuuseTL  [1 977], Z} Lao and  )Iil?l(ill  I (i c;{ I 98:1], allcl  JVliholol (’/ 01 [1 9 9 0 ] ) .

Smith [1990] sug.gestecl  that t}i( ]J,~.L 10 i~)cli~latic)il” or ‘t ilt’ aII{I,lc of the current

sheet call  be used  to  dcscIibc LIII sl)llplifl evolut ion 0( tlI~s (UT I [llt sllcct  through

the solar cycle. l’his tilt  al@c h t lt~ a i .’) ~. ,e wilu(:  of t}!{:  II JaYi II ILIIII Ilorth and south

latitudinal extensions of the CIIrI  (SII(  i III 11 j: II eacl] JVillx)x IIIc~]). (’10s( to solar minimum

the tilt angle is very small (<’ 1 O’). III 1.11 asc(:~lcling ])lIas.t tllc tilt :ill~;le  grac{ually

increases, to the solar maxi~[ 111111 t II(: Al 1~1,1< IS VCI y larg,(c  ( > ‘I(]’ ), al Id iIl the clcscending

[1986]

t h e
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I 1 I rc]at iorl wit]i tll( :701t. T cjc]c,  aIIcl section 5v’e djSCUSS  t]]c  obse~vatiol]s  a]l(l  I  ]I(,i  r  ,(}.,.i

presents o~lr ~onc]usiolls.
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was

1 by

willd

have

IJu71aga d al.

of ICMES,

2 . 1 .  {la
I

SifiCatiOrl Of ]llt(TJ  >];]) ~t t:! I’J’ ,Shocks 1 k:~wl(lilf,  ()]I t}wir causes



interaction

shocks are
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producin  gal) impressive series 0( (’11. l’il.  : ,:CI 1(1 detc.l,cd  S(W+];L1  tcl]l])oral variations:

froln about 2 to 3 ALJ the fasl wi]lt  ,!l:,;ll}: mm] (.\u{\tIs[  19; ”2 (LYCIIt  S)) and from 3 to

4 . 8  ALJ t,hesolar  wind streat])~, W(,JI: i-l~,,]!~ il] a loIIg-teI  Ill (I1:)TJ{I{’  ~vith both lilnits o f

fast a]ld slow wincl  g~adual]y  I ai}illj,  t ~, ; II, iXiIIIUIII  at >;l.jc)~lt 3,63.7 AIJ and both then

dccreasi)lg  ag,ai~i. This long tcf JJI CII;I1 ,}.It  c III I Id t 1( ::s,sot i at u] \VIt II f.}ic  yearly variations

referred earliel, ill particular , \~’itl]  1 ‘: I,t IT (: .1 a]]d tI rcl 1[)1 t c(l l)i’ (;~fzis et al. [ 1 9 9 5 ] .

Note ill the five plots of ~i~,ul< 1. t, ,]2! I IdeIIC,V  of tjle slc,\r  !,(~;t:  \viI,d to increase ill

magnitude with heliocentric disi;~~l((’. I:c of tl:r a(t:[l[~atit)l]  of tlic slow solar wind(I J(I(’

by the following fast wind.

‘J’hc nex( subsections disclls>  t II( [,\, T,; ,])S of lillg,(’ S(’01(’ ()})S1’1  !:ltiolls.

3 .1 .  Voyager 1. F’igul t.’ 13 ,5 !( )\\’} (1: 1118]) o!’ laIp,vs(al{s  f~al  L[rfs of Voyager 1.

q’hc bcllavior  of the Inafylet,ic sc~t  01>1 \V; L , :[3g11]:11 \vitl)  SOIll~ IJt,]i(.)d: with undefiled

polarity. At t}le  begillnixlg  of tll{ t I:1 I: t{, 1, b~t,lir~(:rl

detected  four interaction reg;iol)sl  af (: v ;IT d a c} IaIIge

of  tra~lsicllt  s hocks .  Af t e r  tile dat:) ‘Wi’: i) Im, )l;~SIll:i (j:it,a

‘j’ al][i 1.’I’L AI_Jj  Voyager 1. .

T] d:\rJ laT  I I ics [)1 educed a series

ttlcl[ V.CI( silllilar  changes in

dyllamics frolll pm-iods domill~tc{l  1],, 1:111+.  I IIt fo] \i:ir(l sl)o(ks I () ])(liods clominated by

il@action  regions. Comparillp,  bol 11~111 ilII(- I op o~ tl]e fIII,IIr(, tl,[II<I  Jva.s a clear tendency

of illtel action regions to inc] case t 1~(: i]cI,]I: - Ion with hcli(}c(:~lt  I i[: (Iistallce. Presumably
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4 .  Discussic)n

4.1.  S h o c k  Populatiml. 1 Iii”{; (JII L}]e  [illtil~Si~  of tll(: 111:1]):S  Of large-scale

structures Table 3 su~imlarizcs  tll( t~’] c CI: shock u’~Lvcs (corot at il)~, aIId transient
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Ineml flux densities were }Iip,ll(!) ‘1 1 ~ rlll’ 1’1 fiLlx (;(!IIS’1~’  (1(’1  t( t( (/ lly Ulyssm was also

higher than l)ioneer measu]c~rl(.~1[,. ‘1 iii: lsult  is so]IclJIJIi ()~)]x:.i[t  to the report by

have a nlillilnunl

ill the ascel)cling



just telnpora]  variations.

‘J’lIc last two columIls  0{ ‘1’,lt~lt I ,i[~ , c i,ljj

tllC rate of in terp lanetary  slIocks }111(:  : II<  I ,itc of j

18
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tmclI  iIlteraction

1[)11 region and

I the data series
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5. Conclusions
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by

we

are caused by interactiorl  rep;io~ls,
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l{’igurc 7. Map of  large-scal(.  f((ll II (: (; I’iollccl 11 ~~’itll  1}1( S!III( format as of the

]mwious figures. ‘1’hc first ni~]c s(II::T I,I,(i. l“J< Ow:l ,! J ill til III.’ ill!’ lii Sl Ilil]c  solar ro ta t ions

of the previous figure. llowcvcI,th( (~] ]wrltioIl of tll~ tt~[,  IJt:l,~ is (iifiicu]t flue to the

hc]iocentric arid angular dist,allc(  I)(:{ 1,(:11 l,c tv:[ slmc,(l  :\ft,
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Figure 11. Frequency histc)p,] al I 1 (11 { ) I( i j ,.!rapc S]) CC,  I 1<.,,  01”  :;11 tllc {:l~~s  p l o t t e d

i n  F’igurc  I 0. ]Ilteraction  reF,ioIIs  [)1 olj jI ItI> t;it]~  :: l)ro:)(l  I :ITII,(.S of 1:.,, between 3 2 5 -

675 km/s,
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g’abl~ 1 .  SOlilI SUIISJ)Ot  CYC][! ])ll; ICI ii ( $.(’ dulf ’ of tllc t}ll(x’  Illi\’+\:)lls..

1’hasc ) 1) ’tl:’
.

Voya,yv  2 a.scencli?)g (21 j :) .’i~l~ ]  (J’f”/? J1’1 !{)”(’9

Ulysses post- I[laxiIIlulll (W) 6 ( )Ct :1 !190 }’(”1) .’{)! 1:2

Pioncm 11 dcscerldiIlg  (20) :1 ,“! ])1’ 19’(:{ N()., ] ()”,’.j
.

Duration

(in moI~ths)

23

18

16

21

20

I



Table 2. Involution of [he comrldl IIId~IIrI  I, .IIII, [III. [hr(]li~ll  [II(. S[IICII c>cl.

solar cycle Co[m[;.1 11(11, .> (’tIIIC  III Shec[

—..___ ..__. . . .- —.. . . . . . . .. —.. —-—

Maxirn,uol no polar holes, but sr[mll h,)l,,  ;II II(I I !, IIr II }C y CIImpl + Ltr LI. [I IIL, It){ 111{11,1  ( UIICIII shed extents almost from
IKIIC [t) FII ad ,11 rl, L{ .IIIILI:II. SIII;Ili isolafcd current  sheets appear

Iksccl)ding after the rcversa] i n  rK~larIly, J,,II,,I ! III . k’  I II [II( SIILICILII.  is SIIIIj Ili I I[i III, <Illru{[l  sheet has a sinusoidal shape
phase arid grow in size with laIv~.  C,.I,I;, +,{ ,J, \ tklcr I.L, d o,. cr ,3 l:IIy I<, IIj,8 ,,f l;itIfuLIc~s

extensions



‘1’ablr 3, Ilvolotion of the  corowil II I,ifII,[I. .[I It ILI lhIo[IFII III: s(I! lr CV.1(

solar Cycle Col(lll!i’1 }I!!IL  .“ (’II  IC, II Shec(
- — . _ — _  _ _ _ _ _  .  .  . _ .. ----- . ._. . . . . . . . . .

p o l a r  h o l e s  s h r a n k  aII(l  (i I\: Ij,;K,1 t, II I,, ) ~~ IIC (Ii 111, IOdI I II I: X[(III <If III c UIIC III sheet increases to higher latitudes,
irl a very different way [l I,, I! IjI, ., II it <11 ,1,  ( Llh.!LI[):IrI~  [1,: sIr(Ij>l( c(; I ,lblI II! ci,r[ltgutatio], of the previous minimum
tin)es

110 polar holes, bu( sIIIall II, )!.. :11 III 1 ,,1..{8 VLI)  ~l)nlpl:k  :,IIuct(,Ic I}IC 111 ,iri ( ur[cnt  sheet extents almost from
jh’lc [[1 poll all[i :11 Il,ld !: II II L(I!.:.  S.ll;i II kolatc(l cummt  sheets appear

after the rcversat  in p(Il: fit} 1}!  1,( ,, ]C ,,11, Ill Slllrc [u,, l\ \lr,l).  L.l ,!1,. I t,li LuIIcnt  sheet has a sinusoidal shape
and grow in si7e wi[h lt,I{~L,  C(:II, I*< ) ,(1,1 L’). telldcd (I$cr  :$ 1:11(,  1<111  >,< [11  liitltu(lcs

exk-nsicms

po]ar holes  h a v e  n]:jxinl,tr,  c\ I, I(.1,  j. III  I L- t 1 ly~t,~ over tt)r solar equator[II ( LIIICI  II \lI< :1 i. \cI! \l; i ~

ale no equatorial holes
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tllc ana]ysis  of the maps of l.al:I,c:,[;Il( \ J: I~es.

-.

ltotations” 1 ‘{)] I’,til[ I.ew[:(’ l“(lru’?:ld 1 / [:\rcI”se l’rans.-Shocks$

Voyager 1 ]fJ** 1 ‘1 ]:) :)] o 40%

Voyager 2 19 11 ) O ~)[i 3 5570

Ulysses 18 :)(] I 1 (i 31 3 49%

Piorl(!cr 10 2’2 ;)!) 23 2’1 ? 49%

Pioneer 11 22 .1:) 38 {] 1 11%

**data ga]] for four sc)lar Ictnl iol,
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<Bulk  Speed>” .:1 III IJ[ l+it>>”  I)j[laIIIi(  I’1(:.

[kms- ‘] [ : (  ,.,,, “,;- II St)l (’” [1 1 ‘o:
. —-

VOJVIF,CI’ ] 414+70 :;. [1  I ; 3 1 ,’/[) :! :). !

voya~,cl 2 426:1 6’? ::. (’ I 1 1 :),1 :1 :).:!

u] yss(!s 4514 81 .,rl,’l~6,. :), j j :;, ]

I’ioncm  10 4 3 1 4 8 1 !l,l:,., !.. 1.(s:1 1.’)

l’ioncw 1 1 476+ 96 ;.( 1:’:/ :),() :1 :), !

_ —

‘avcrag,c  011 the whole t] ajcct[]l )

t~xx solar rotatioIl  (27 days).

]{atc! 00

2.8

3.9

3,2

4.1

Rate od

.—

0.8

1.0

1.0

2.3
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74:190
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